Negative differential resistance in GaN tunneling hot electron transistors Room temperature negative differential resistance is demonstrated in a unipolar GaN-based tunneling hot electron transistor. Such a device employs tunnel-injected electrons to vary the electron energy and change the fraction of reflected electrons, and shows repeatable negative differential resistance with a peak to valley current ratio of 7.2. The device was stable when biased in the negative resistance regime and tunable by changing collector bias. Good repeatability and doublesweep characteristics at room temperature show the potential of such device for high frequency oscillators based on quasi-ballistic transport. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4900780] In the past decades, various devices based on negative differential resistance (NDR) have been widely used for memory and logic applications. [1] [2] [3] For high frequency applications, resonant tunneling diodes (RTDs) based on III-As have achieved success in terahertz frequency range, 3 enabling many applications such as ultrahigh-speed wireless communications, spectroscopy, and imaging. 4 Recently, GaN-based materials have attracted considerable attention because of several advantages such as larger conduction band offset (1.8 eV between AlN and GaN 5 ), better thermal stability, larger band gap (3.42 eV for GaN 6 ), and higher breakdown field ($3.3 MV/cm 7 ), which will enhance the device performance. Recent reports on GaN-based RTDs have shown room temperature NDR, with moderate peak-to-valley ratio and high current density; however, the reproducibility remains a problem. [8] [9] [10] [11] [12] For most III-Nitride RTDs grown on c-plane substrate, the repeatability of the current-voltage (I-V) sweeps was found to be sensitive to the dislocation density, interface roughness, and polarization effects, and repeatable reverse-sweep NDR was not observed.
Besides NDR based on resonant tunneling, in the GaAsbased tunneling hot electron transfer amplifier (THETA) device proposed by M. Heiblum et al., 13, 14 an electron energy spectrometer formed by the collector barrier can be used to create NDR. In the common-base mode of such device (shown in Fig. 1 ), when the electrons are injected from the emitter at low energy, most of them are reflected from the collector barrier and contribute to the base current. As the electron energy (or base-emitter bias) is increased, a large fraction of them travel ballistically or quasi-ballistically through the base layer to reach the collector, causing decrease in the base current. The collector barrier serves as energetic high pass filter for the transmitted electrons, and therefore creates the NDR effect. In this work, we show room temperature NDR based on quasi-ballistic transport and energy filtering in a GaN-based THETA.
The investigated epitaxial stack consists of a 3.8 nm Al 0.6 Ga 0.4 N emitter tunneling barrier, 22 nm nþ GaN base layer (Si doping $10 19 cm
À3
), and a collector barrier stack comprising 5.3 nm AlGaN graded from 30% to 15%, 7.9 nm Al 0.3 Ga .7 N, and 9 nm AlGaN graded from 50% to 32%, as shown in Fig. 1(a) . The collector barrier with graded AlGaN layers was designed to minimize the base-collector leakage. 15 A high Al composition tunneling barrier was used to give hot electron injection because it narrows the injected electron energy distribution and reduces percolative transport in low composition barriers. The device structure is schematically illustrated in Fig. 1(b) , and the energy band diagram was simulated using Atlas Silvaco TCAD simulator ( Fig. 1(c) ). The dependence of electron energy distribution on the base-emitter bias can be written as
where E x is the energy component normal to the emitter barrier interface, E is the total energy, V BE is the base-emitter bias, TðE x ; V BE Þ is the tunneling probability which can be obtained using WKB approximation, f ðEÞ is the Fermi-Dirac distribution of the electrons on the emitter side, f ðE þ V BE Þ is the Fermi-Dirac distribution of the electrons on the base side. Major scattering events were considered to obtain the electron distribution before and after transiting the base region by ensemble Monte Carlo simulation, including scattering from other electrons, coupled plasmon-LO phonon mode, LO phonon, and ionized impurity. [16] [17] [18] [19] In Fig. 1(d) , the blue and green curves with filled area show the electron distributions at V BE of 1 V and 2 V, respectively. Due to the scattering processes, the injected electrons with small energy distribution become thermalized to a certain degree after transiting the degenerately doped base, but still remain energetic. The difference between the two distributions is the energy of majority electrons relative to the collector barrier height. At the bias of V BE ¼ 1 V indicated by the blue curves, most of the transmitted electrons do not have sufficient energy to surmount the collector barrier, resulting in electron relaxation into the base. In contrast, at V BE ¼ 2 V indicated by the green curves, a large fraction of electrons have enough energy to overcome the barrier, and therefore the electron relaxation is significantly reduced, causing the reduction in the base current. The results indicate that NDR is achievable in GaN systems based on hot electron induced real space transfer (RST). 13, 20 To realize such three-terminal negative differential resistance, we grown the structures in Ga-rich conditions by plasma-assisted molecular beam epitaxy (using a Veeco Gen 930 system) on 300 lm n-doped (3 Â 10 18 cm
) freestanding GaN substrates (dislocation density $5 Â 10 7 cm À2 , St. Gobain Inc). The thickness and composition of the structure are confirmed by high resolution X-ray diffraction (x-2h) scan and fitting. Devices were fabricated by stepper photolithography, e-beam evaporation, and ICP-RIE plasma etching. First, the emitter contact region was exposed and evaporated with Ti/Au/Ni (20/50/30 nm) to form Schottky contact. Second, two base contact regions were exposed and the top 3.8 nm Al 0.6 Ga 0.4 N tunneling barrier was etched by inductively coupled plasma reactive ion etching (ICP-RIE) using BCl 3 /Cl 2 chemicals, and then the two regions were evaporated with Al/Ni/Au/Ni (20/20/50/30 nm) to make ohmic contact. Before the base metal evaporation, the base contact regions were dipped in HCl:DI H 2 O (1:3) for 1 min to remove native oxide. Finally, the device mesa was isolated to a 100 nm depth. The active emitter is $10 lm 2 , and the total mesa area (including both base and emitter contacts) is $100 lm 2 . Devices were measured at room temperature with an Agilent B1500 parameter analyzer using on-wafer submicron probe tips. The devices were measured in common-base mode by applying negative emitter bias with both base and collector grounded.
The experimental NDR results are shown in Figs. 2(a) and 2(b). Fig. 2(a) shows the full sweep of common-base I-V characteristics measured at room temperature. The I-V curve shows an NDR region at base-emitter bias V BE from 1.5 to 2.8 V, with peak-to-valley current ratio (PVCR) of 7.2 and peak current density (PCD) of 143 A/cm 2 in the base current J B at 1.5 V. Fig. 2(b) shows the corresponding negative differential conductance G d at base-emitter bias V BE ranging from 1.5 to 2 V, with a peak value of 210 S/cm 2 at 1.8 V. In Fig. 2(c) , successive sweeps are shown in forward and reverse directions, and the measured curves overlap well with each other. From the energy distribution in Fig. 1(d) , it is expected that the relaxation of electrons at the basecollector heterojunction barrier is reduced as the injection energy is raised above the base-collector barrier. Also from the experiments, the voltage at which NDR appears (1.5 V) is close to the collector barrier height, indicating the role of electron reflection on the base current reduction. When biased in a smaller range from 1.7 to 2 V, the repeatability of the NDR is better and does not depend on the sweep rates (Figs. 3(a)-3(c) ). The results show that the device can be operated in the NDR region through sweeps in both directions. The base current J B contributed mainly from the reflection at the barrier is much lower than the emitter and collector current J E and J C. The low efficiency is limited by the ratio of the transferred electrons (contributing to J C ) to the reflected electrons (contributing to J B ). Meanwhile, the background leakage current from the emitter to the collector is high compared with base current, which makes the efficiency low. To improve the efficiency, reducing doping in the base and using sharp base-collector interface can reduce the energy relaxation and make the quantum reflection more prominent. Also, applying polarization-engineered basecollector barrier can reduce the leakage, thereby increasing the efficiency. 15 In Fig. 4(a) , the I-V characteristics of the device as a function of collector base voltage are shown. It is seen that the NDR peak positions and current densities are tunable by applying negative collector bias V C . From Fig. 4(b) , the NDR peak shifts linearly with increasing collector bias V C from 0 to À0.6 V. The linear dependence further indicates that NDR is attributed to the reflection of electrons from the collector barrier, as the barrier height depends linearly on the collector bias V C for negative voltage. 13 The results suggest that repeatable NDR can be achieved by reflection from the barrier based on quasi-ballistic transport, and can also be controlled by the barrier height. While the current device shows good repeatability, high frequency applications may require higher current density. Future designs of this device towards this objective could utilize a thinner emitter barrier, and a higher collector barrier. A thinner emitter barrier would increase the injection tunneling current and a higher collector barrier would result in a greater relaxation of electrons, and thereby giving higher base current. Shorter base and lower doping could also reduce the scattering and improve the PVCR of the device. The PVCR could also be improved using a semiconductor emitter which leads to better energy collimation for the injected electrons.
In conclusion, we demonstrated room temperature NDR based on ballistic electron reflection in GaN heterojunctions. The NDR is repeatable through sweeps in both forward and reverse directions, and is tunable by changing the collector bias. The onset of NDR matches theoretical estimates based on heterojunction band offsets and electron energy distributions. The repeatable NDR with high PVCR reported here provides an alternative method of achieving NDR in the IIINitride system. The good repeatability and double-sweep characteristics at room temperature show that III-Nitride devices based on quasi-ballistic transport could have significant potential for device applications. 
